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Derived amin acid sequences of the nosZ gene (respiratory N 2 0 reductase) 
from Alcaligenes eutrophus, Pseudomonas aeruginosa and Pseudomonas stutzeri 
reveal potential copper-binding residues 

Implications for the Cu A site of N 2 0 reductase and cytochromes oxidase 
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The nosZ genes encoding the mullicopper enzyme nitrous oxide reductase of Alcaligenes eutrophus 
H 1 6 and the type strain of Pseudomonas aeruginosa were cloned and sequenced for structural compari- 
son of their gene products with the homologous product of the nosZ gene from Pseudomonas stutzeri 
[Viebrock, A. & Zumft, W. G. (1988) J. Bacteriol. 170. 4658-4668] and the subunit II of cytochrome- 
c oxidase (COII). Both types of enzymes possess the Cu A binding site. The nosZ genes were identified 
in cosmid libraries by hybridization with an internal 1 .22-kb Pstl fragment (NS220) of nosZ from P. 
stutzeri. The derived amino acid sequences indicate unprocessed gene products of 70084 Da {A. 
eutrophus) and 70695 Da (P. aeruginosa). The N-terminal sequences of the NosZ proteins have the 
characteristics of signal peptides for transport. 

A homologous domain, extending over at least 50 residues, is shared among the three derived 
NosZ sequences and the Cu A binding region of 32 COII sequences. Only three out of nine cysteine 
residues of the NosZ protein (P. stutzeri) are invariant. Cys618 and Cys622 are assigned to a binuclear 
center. A, which is thought to represent the Cu A site of NosZ and is located close to the C terminus. 
Two conserved histidines, one methionine, one aspartate, one valine and two aromatic residues are 
also part of the Cu A consensus sequence, which is the domain homologous between the two enzymes. 
The Cu A consensus sequence, however, lacks four strictly conserved residues present in all COII 
sequences. Cysl65 is likely to bea ligand of a second binuclear center, Z, for which we assume mainly 
histidine coordination. Of 23 histidine residues in NosZ (P. stutzeri), 14 are invariant, 7 of which are 
in regions with a degree of conservation well above the 50% positional identity between the Alcaligenes 
and Pseudomonas sequences. Conserved tryptophan residues are located close to several potential 
copper ligahds. Trp615 may contribute to the observed quenching of fluorescence when the Cu A site 
is occupied. 



Copper, being the prosthetic metal of respiratory nitrous 
oxide reductase (N 2 OR) and certain respiratory nitrite re- 
ductases, is essentia] for bacterial denitrification. N 2 OR trans- 
forms N 2 0 to N 2 as the final step of the denitrification process. 
The first active enzyme was characterized from a marine strain 
of Pseudomonas stutzeri (Zumft and Matsubara, 1982; Coyle 
et al., 1985; Riester et aL 1989). Similar proteins were 
obtained from several other bacterial sources (for review see 
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Zumft and Kroneck, 1990). Optical and EPR characteristics 
classify N 2 0 reductases within the same family but outside 
the realm of the classical types of copper proteins (Malkin 
and Malmstrom, 1970). A binuclear, mixed- valence center has 
been proposed to explain the 'anomalous' EPR features of 
N 2 OR (Kroneck et al., 1988). 

By generating a set of primary structures of N 2 OR from 
different bacteria, we aimed to identify conserved regions 
with putative copper-coordinating residues as a basis for the 
directed exchange of ligands. Alcaligenes eutrophus and 
Pseudomonas aeruginosa were selected for this purpose, in 
addition to P. stutzeri from which the first sequence of a nosZ 
gene was determined (Viebrock and Zumft, 1988). By this 
CiiCicc, wc nOpCu iC imu primary s i rue i. u res related neither 
too closely nor too distantly, to achieve a meaningful compari- 
son. A polyclonal antiserum against N 2 OR of P. stutzeri react- 
ed with cell extracts from P. aeruginosa, but not with extracts 
from A. eutrophus (Korner et al., 1987). P. aeruginosa belongs 
with P. stutzeri to the well-defined rRN A homology group I 
(Palleroni et al., 1973) and to the 16S rRN A y-3 subdivision 
of the purple bacteria ( Woese, 1987). Within these groups, the 
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two organisms are rather distantly related. A. eutrophus H16 
is a member of the 16S rRNA ft subdivision of the purple 
bacteria. Its ability to denitrify is encoded on the 450-kb 
megaplasmid, pHG 1 , which also harbors genes for 
chemolithotrophy (Schneider et al., 1988)! For P. stutzeri, 
there is no evidence that denitriflcation is a plasmid-encoded 
property. 

Unexpected, but currently the most fascinating aspect of 
investigating N 2 OR, is the finding that the EPR-active copper 
of the resting enzyme has properties similar to that of the Cu A 
center of cytochrome-r oxidase (Jin et al, 1989; Scott et al., 
1989; Kroneck et al., 1990; Antholineet al., 1992). In addition 
to the available spectroscopic evidence, there is a remarkable 
sequence similarity between the putative Cu A binding site of 
subunit II of cytochrome-c oxidase (COII) and the C-terminal 
sequence of N 2 OR (Viebrock and Zumft, 1988; Scott et al., 
1989). This structural resemblance has been accepted by other 
w rkers (Covello and Gray, 1990; Buse and Steffens, 1991; 
Mather et al., 1991 ; Saraste et al., 1991), but to date was based 
on the derived gene product of only a single nosZ gene. Here 
we provide evidence for the conserved nature of the Cu A site 
in N 2 OR by isolating and sequencing two novel nosZ genes. 
Analysis of the gene products on the basis of the /\ stutzeri 
sequence identifies a set of amino acid positions to be con- 
sidered when modelling the copper-containing sites of N 2 OR. 



EXPERIMENTAL PROCEDURES 

Bacterial strains and plasmids 

Sources for the nosZ genes were A. eutrophus H16, ATCC 
17699 and P. aeruginosa, DSM 50071 T . The following strains 
of Escherichia coii were used as vector hosts: strain HB101 
for plasmid pBR325 (Boyer and Roulland-Dussoix, 1969), 
strains JM105 (Yanish-Perron et al, 1985) and BMH 71 - 18 
(Sambrook et al., 1989) for phage M13 and strain XL-1 Blue 
(Bullock et al., 1987) for the pBIueScript SKII(+) vector. For 
cloning procedures, the plasmid pBR325 (Bolivar, 1978)^ the 
cosmids pVK102 (Knauf and Nester, 1982) and pJAl (Lin- 
denmaier, 1985) and the phagemid pBIueScript SKU( + ) 
(Alting-Mees and Short, 1989) were used. j 



M dia and growth conditions 

Strains for DNA work were grown in Luria-Bertani me- 
dium. For solid media, 1.5% agar (Difco Laboratories) was 
added. E. coli strains were grown at 37 'C, others at 30 C. 
Antibiotics were used at the following concentrations: 
ampicillin, 50 iig/ml; chloramphenicol, 30 ng/ml; kanamycin. 
50)ig/ml; tetracycline, 10|ig/ml. Cell extracts from A. 
eutrophus and P. aeruginosa were prepared by high-pressure 
h mogenization of anaerobically nitrate-induced cells and 
clarified by ultracentrifugation before gel filtration. 



DNA techniques 

Genomic DNA was isolated as described by Meade et al. 
(1982). Standard procedures were used for isolation of plasmid 
DNA, endonuclease digestion, agarost-gel electrophoresis, 
dephosphorylation, ligation, preparation of competent cells 
and transformation (Sambrook et al., 1989). 



Hybridization and cloning 

The hybridization probe for screening, NS220, was an 
internal Pstl fragment of 1.223 kb of the nosZ gene from P. 
stutzeri (Viebrock and Zumft, 1988). This fragment was 
labeled with biotinylated 1 1-dUTP by nick translation (Rigby 
et al., 1977) and detected by a streptavidin — alkaline phospha- 
tase conjugate (Leary et al., 1983) upon hybridization with 
the cosmid pGE26 of A. eutrophus. For colony hybridization 
of the P. aeruginosa gene library, the probe was labeled with 
5 -[«- 32 P]dCTP. Conditions for DNA hybridization and de- 
tection were as given by the Bethesda Research Laboratories 
Manual BlueGene™. 

For cloning the nosZ gene from A. eutrophus, plasmid 
pHGl was isolated and partially digested with Hindlll (Eberz 
et al., 1986). A library of this plasmid was constructed in the 
cosmid vector pVK102. The cosmid pGE26 was identified by 
complementation of denitriftcation-negative mutants of A. 
eutrophus. It contained a 32.1-kb insert of three contiguous 
Hindlll fragments of 5,1, 9.7 and 17.3 kb, respectively from 
pHGl. The restricted DNA of cosmid pGE26 was screened 
for the nosZ gene with the NS220 probe. The central 9.7-kb 
Hindlll fragment of pGE26 was identified as the locus of the 
nosZ gene. This fragment was ligated into plasmid pBR325 
to give plasmid pBR325-9.7. The restriction subfragments, 
termed ALC and used for sequencing, were obtained from this 
plasmid. 

For cloning the nosZ gene of P. aeruginosa^ a library was 
constructed in the cosmid vector pJAl from a partial Sau3A 
digest of genomic DNA of P. aeruginosa. Ten clones that gave 
positive hybridization with the 32 P-labeled NS220 probe were 
propagated. From clone C6, a 2.8-kb £coRI fragment was 
isolated and subcloned into the phagemid pBIueScript 
IISK(-f) to yield plasmid pBS-E. Sequence analysis showed 
that the 3'-part of the nosZ gene was not located on this 
fragment. To obtain the complete nosZ gene, a 2-kb Xhol 
fragment, overlapping with the EcoRl fragment, was isolated 
from the same cosmid and subcloned into pBIueScript 
IISK( + ) to yield plasmid pBS-X. 

DNA sequence determination 

The restriction subclones ALC1 .3 (a 1 ,3-kb Sail - Hindlll 
fragment) ALC1.9 (a 1.9-kb Pstl fragment) and ALC1.6 (a 
1 6-kb BamHl- Hindlll fragment) of pBR325-9.7 weregener-; 
ated in M13mpl8 and M13mpl9 vectors (Messing, 1983) and 
sets of nested deletions prepared by exonuclease-III treatment 
(Henikoff, 1984). 

From plasmids pBS-X and pBS-E, various subclones were 
prepared in the vectors M13mpl8 or pBIueScript SKII( + ). 
Single stranded DNA was propagated from M13 derivatives 
in £. co/i JM105 and BMH 71 — 18. 

DNA was sequenced by the chain-termination method 
using deoxyadenosine-5'-[a- 35 S]thiotriphosphate and Sequen- 
ase 2.0 (United States Biochemical Corp.). Compressions were 
resolved by using dITP in the sequencing mixture. In part, 
the DNA sequences were determined using sequence-derived 
primers, synthesized with an Applied Biosystems automatic 
DNA synthesizer. Both strands of the nosZ genes were se- 
quenced. DNA and protein sequences were analyzed with the 
PC/GENE software (IntelliGenetics). 

Chemicals 

Radionucleotides were purchased from Amersham- 
Buchler. 7^-polymerase-based TaqTrack kit was from Pro- 



33 



Ham Hi So/\ 

Pst \ Smo\ \^ Sa/l Ps(\ H/n dill 

> . — > — ► . — ► t— ► i — 



< < 1 <r 



< — j 4 < <— < 

|AIC1.9 



H ALC1 3 



B 

/-tfl /Wll fly/l 

Tc-o Rl Pvu II II Pvu II I dl" fco Rl v /*s/ 1 1 Xho I 



I Q5kb j 




-| BS-F 

1 BS-X 



Fig. 1. Physical map, sequencing strategy, and open reading frames of the nosZ regions from (A) A. eutrophus and (B) P. aeruginosa. Open arrows 
show the direction of transcription of the indicated reading frames. The small arrows denote the sequenced parts of subclones generated from 
the ALC, BS-E and BS-X fragments. Clones generated by nested deletions and sequenced with the universal primer are represented by solid 
arrow heads, open arrowheads indicate clones which were sequenced by using sequence-derived primers. 



mega. The kits for biotinylation of DNA by nick translation 
and DNA staining were from Gibco/BRL-Bethesda Research 
Laboratories GmbH. Restriction enzymes, calf intestinal alka- 
line phosphatase, T4 DNA ligase, Klenow fragment, ex- 
onuclease III and SI nuclease were purchased from Boeh- 
ringer GmbH. 

RESULTS AND DISCUSSION 
Primary structure of the nosZ genes 

For the identification of the nosZ gene from A. eutrophus. 
a restriction map of the 9.7-kb Hindlll insert of plasmid 
pBR325-9.7 was generated. The 1.3-kb Sad-HindUl frag- 
ment, ALC1.3, was the smallest that still hybridized with the 
nosZ probe (Fig. 1A). By sequencing, it was shown that this 
segment encoded only the C-terminal half of the enzyme. The 
entire nosZ gene was localized on a 2.7-kb Pstl — Hindlll 
fragm nt. Fig. 1 A shows the restriction map of this part and 
the sequencing strategy used for nosZ of A. eutrophus. The 
established sequence comprises 2442 nucleotides (Fig. 2). The 
orientation of nosZ and the correct reading frame were in- 
ferred from the nosZ gene of P. stuizeri (Viebrock and Zumft, 
1988). An unusual stretch of 26 nucleotides of G and C only, 
starting at position 340 (Fig. 2), could not be sequenced in- 
itially under a variety of conditions. Resolution was finally 
achieved by a combination of Sequenase, Taq polymerase and 
dITP (Khambaty and Ely, 1 990). 

To obtain the sequence of nosZ of P. aeruginosa* a restric- 
tion map of the cloned region and appropriate subclones 
were generated (Fig. IB). A sequence of 2760 nucleotides was 
established (Fig. 3). The codon usage and the G+C content 
of nosZ from P. aeruginosa correspond to the characteristics 
of a chromosomal, non-pilin-like gene (reference data from 
West and iglewski, 1988). The sequences flanking nosZ of 
P. aeruginosa were found to encode proteins previously identi- 
fied in P. stuizeri (Fig. 4). In view of the apparent homology, 
sequencing of the flanking regions was limited to a short 
region of one strand, t establish the organization of the nosZ 
region in this bacterium (see Fig. IB). The nosZ gene of P. 



aeruginosa is preceded by the regulatory gene nosR which is 
required for nosZ expression. A special feature of the derived 
nosR gene product is the presence of two cysteine clusters 
located close to the C terminus (Cuypers et aL, 1992). This 
motif, suggested to be part of a redox-sensing mechanism, is 
conserved in the P. aeruginosa sequence (Fig. 4A). The nosZ 
gene is followed by msA the first of at least three genes located 
within an operon coding for copper-processing compcrcnts 
specifically^ involved in the assembly of the copper 
chromophore(s} of N 2 OR (Fig. 4B; Zumft et al., 1990). 

The organization of the nosZ region of A. eutrophus re- 
mains unknown. Gene probes from the flanking region? of 
nosZ from P. stuizeri did not hybridize with restricted DNA 
from plasmid pGE26. The regions upstream and downstream 
of nosZ from A. eutrophus, as far as they were sequenced, did 
not reveal, open ; reading frames with clear homology of their 
deduced products to NosR or NosD, respectively (Fig. 2). 

The upstream, noncoding regions of the hojZ and the mwD 
genes harbor sequence motifs which are potential targets for 
the sigma factor ct 5 \ encoded by the rpoN gene (Figs 2 and 
3). An rpoNAike gene was shown to control expression of 
denitrification in A. eutrophus (Rdmermann et al., 1989). 
Although Totten et al. (1990) have reported that an rpoN' 
mutant of P. aeruginosa still grows anaerobically on nitrate, 
the nosZ and nosD genes have motifs similar to the RpoN 
consensus sequence, CTGGYAYRN 4 TTGCAN 6 - n N( + l) 
(Hunt and Magasanik, 1985), in their respective promoter 
regions. The anaerobic expression of the azurin gene from 
P. aeruginosa was suggested to be RpoN-dependent, from a 
putative binding motif in the promoter region (Arvidsson et 
al., 1989). Expression of N ? OR is regulated, among other 
factors, by oxygen. Concomittant with the finding of an fnr- 
like gene in P. aeruginosa, we have shown that several 
denitrification genes possess the binding motif for the FNR 
protein in their promoter region (Cuypers and Zumft, 1992). 
A motif corresponding to the canonical FNR-binding site, 
TTGATN 4 ATCAA (Spiro and Guest, 1990), with the excep- 
tion of one nucleotide, is present upstream of nosZ in A. 
eutrophus (Fig. 2). No apparent FNR consensus was found 
for nosZ of P. aeruginosa concurring with nosZ of P. stuizeri. 
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W poH _ . 

cttectcttgctC4tca9atootcc9tttgtetogcatccftttotaagaasc*gaggcgtgcagtsBttac«cgotecc99cctt«ttcfttflcBtttttct«cttgttttgttgcctttt 120 
FNR SD 

Battcgagtca«gttoaBactggtccggaaottcgaagAttcgeotgttcacaaacatct9caaaacagccggtBattcc99cacatatetcttcgagg9ttctccATQAGCAAAGAGAA 340 

nqa/ 

BBCATCaATCQQCAACQQTCCAGGCQQTATCGQTCQCCQCCAGTTTCTCQQCACGGCAGCQCTGGCCGGCCTAGCGGGGGTGQTCGCCTGCACAQACAAGGGCGCCGCGCCCGCGGCGGC 360 
A 3 iSnGPGGIGRRQFLGTAALAGLAGVVACTDKGAAPAAA 45 



GQCCGTTGGCGCACCGGCAAGCGGGGCACACGGGGCCGCGCACGGCGCAGGCGCGTCCGTGCACCTCAAGCCCGGGGAACTGGATACGTACTATGGCCTCTGGAGCGGCSGGCATACCGG 480 

A V G APA SGAHGAAHGAGASVHLKPGE LOTYYGLWSGGHTG 85 

CGACATGCGCGTGCTGGGGCTGCCGTCGGGGCGCGAGATCCTGCGCATCCCGTGCTTCGTGCCCGATGCGCTGGTCGGCTGGGGCATTACCAATGAATCGAAGAAGGTGATGGGCGCCCG 600 

D M flVLGLPSGREItRIPCFVPDALVGWGITNESKK VMGAR 125 

GCCGGACGGCACGCTGCGCTACACGGTGGCCGATACCCACCATACCCATGCTTCGTACAAGGACGGCAACTACGACGGCCGCTATGCCTGGGTCAACGACAAGATCAATTCCCGCATCGC 720 

P DGTLRYTVAOTHHTHASYKDGNYDGRYAWVNDKINSPIA 165 

BawHI Sail 

GCGCATCCGCCTCGACTACTTCATCTGCGACAAGATCACCGAGTTGCCCAATGTGCAGGGCTTCCACGGCATCTTCCCGGACAAGCGGGATCCGGTCGACACGAAGATCAACTACACCAC 8*0 

R IRL0YFICDK1TC LPHVQGFHGI FPDKROPVDTKINYTT 205 

ACGCGTGTTCTGCGGCGGCGAGTTT6GCATTCCGCTGCCCAGTGCGCCGACCGAGGATGCCGGCAAGTACC6CAGCCTGTTCACCTGCGTGGACGCCGAGACGATGGCGGTGCGCT66CA 960 

R VFCGGEFGI PLPSAPT E OAGKY R S C F T CV D A E TMAV RWQ 245 

GGTGCTGATCGACGGCAACTGCGACCTGGTGGCCACCTCCTATGACGGCAAGCTGGCGGCGACCAACCAGTACAACACGGAAAACGGCGCGCACTTCGAGGACATGATGTCCGCCGAGCG 10BO 

VLXDGNCOLVATSYDGKLAATNQYHTENGAHFEDMMSAER 2S5 



CG A TGCCTGCGT AT TCT T CAACAT CGCTCGT ATCG AGGCGGCGGTGCAGGCGGGCA AGT T C A AGACCT ACGGCG AT T CGAAGGTGCCGGT GGTCG ACGGC ACGC A AGCGGCC A AC AAGG A 1200 

DACVFFN1AR1EAAVQAGKFKTYGDSKVPVV0GT0AANKD 325 

CCCGAAGACCGCGCTGAC6GCCTACGTATCGGTGCCGAAGAACCC6CACGGGGTCAACGCCAGTCCCGACCAGAAGTACTTCATCTGCGCGGGCAAGCTCTCGCCCACGGCCACGGTGAT 1320 

PKTALTAYVSVPKNPHGVNASPOQKVFICAGKLSPTATVI 365 

CGAGCTGTCGCGCGTGCTTGGCTGGTTCGACGGCAAGCAGGAGAAGCTCGACGATGCCATCGTCGCCGAGGTGGAGCTGGGTCTCGGGCCGCTGCACACGGCCTTCGATGGCCGCGGCAA 1440 

ElSRVLGWFDGKQEKLDDAIVAEVELGLGPLHTAFDGRGN 405 



TGCCT ACACCACGCTGTTCCTCGACAGCCAGCTCGTGAAATGGAATCTCGATGCGGCGATCAAGT TCCACAAGGGTGACAAGAACGCCAAGTACGTGGTCGATCGGCTGGACCTGCAGTA 1560 

AY T T LF LDSQ L V K WNLOA A I K FH KG OKN A K Y V V OR L 0 LQ'V 445 

CCAGCCCGGCCACGTCAACGCCTCGCAGTCCGAGACGGTTGCGGCCGACGGCAAGTACCTGGCGGTCGGCTGCAAGTTCTCGAAGGACCGTTTCCTGCCGGTCGGACCGCTGCATCCGGA 16S0 

QPGHYNASQSETVAAOGKYLAVGCKFSKORFLPVGPLHPE 485 

GAACGAGCAGCTGATCGACATCTCCGGCCAGAAGATGGTGCTGATGGCGGACCACCCGGTGCGTGGCGAGCCGCATGACTTCATCATCTTTAAACGCGAGCTGGTGCGGCCGAAGCAGGT 180C 

NEQL I 01 SGOKMVLMADH P'VRGE PHOF I I F K H E U V R PKQ V 525 

CT ACGCGCTGGACGACTTCCCGCTGGCG ATCAAGGACCCGA AGGAGTCGGGCGTGT TCCGC A A TGGCCGC A AGGTCACCGTG A AG ATC ACGT CGC AGGCGCCGGCCT T C AGCCT GCGCGA 1920 

YALOOFPLAIKO PKESGVFRNGRKVTVKITSQAPAFSL RE 565 

GTTCAAGCTGAAGAAGGGTGACGAGGTCACGCTGATCCTGACCAATCTCGACAAGATCGAGGACCTGACCCACGGCTTCGCGATCCCGAAGTACAACGTCAACTTCATCGTCAACCCGCA 2040 

F K L K K G 0 E V T Ll LT NLOK I E OL T HGFAI PKY«V NF I VNPQ 605 

GGAGACGGCATCGGTCACCTTC6TTGCCGACAAGCCGGGCGTGTTCTGGTGCTACT6CACCCACTTCTGCCACGCACTCCACCTGGAAATGCGCACCCGCATGATTGT6GAGGCCTGA9C 2160 

E T A S V T F V A 0 K P G V F W C Y C T H F C H A L H L E M R T ■ R M I V E A 643 



i ccgagcagccgcgcggccatggtttcceetcgtggccgcgegggaeagacgagaacgacatgcagcccctgaagcattttggtggcatcgtggcgcccttttcctgctgctcatggccgg, . 2260 
ccgcgcccggtccatgcgggcagtgcctacgacgcattgccgccggacctgcgcaccgcccgcaacctttgcgcactggtgccatgccaggaagtctttccaggcgcagagagcttttcc 2400 
gagcgcatcgggcagcctccctacgtcgccaggtacggccgc ."•*.■;.., 2442 

Fig. 2. Primary structure of the nosZ geae from A. eutrophss. Coding regions are in capital letters, intergenic noncoding regions in lower-case 
letters. The following regions are overlined and labeled: FNR-binding motif (FNR); putative RpoN -dependent promoter (RpoN); ribbsome- 
binding site (SD); relevant restriction sites. The opposing arrows indicate a presumptive transcriptional terminator with a free energy of 
formation of — 166.5 kJ mo! ~ 1 (Tinoco et al„ 1973). 



which has only a degenerated FNR motif upstream of the 
translational start. A detailed analysis will be required to 
establish the extent of involvement of a 54 and FNR in the 
expression of denitrification genes. 

The nosZ genes have, immediately behind their respective 
stop codons, inverted repeats possibly functioning as rho- 
independent transcriptional terminators. nosZ of P. stutzeri 
shows a similar secondary structure and is transcribed as a 
monocistronic 2.25-kb mRNA (Cuypers et al. f 1992). Since 
the genetic organization in the immediate vicinity of nosZ is 
identical in the two pseudomonads, it is likely that the nosZ 
gene of P. aeruginosa also represents a monocistronic tran- 
scriptional unit. 



Comparative analysis of the NosZ proteins 

The nosZ gene of A. eutrophus encodes a protein of 643 
amino acids (M r of 70084) and that of P. aeruginosa a product 
of 634 residues (A/ r of 70695). Both proteins elute in gel 
filtration with an apparent M T of approximately 140000, in- 
dicating that they are dimers (data not shown). The subunit 
mass of 73 kDa for N 2 OR from strain P2 of P. aeruginosa 
(SooHoo and Hollocher, 1991) is reasonably close to the M T 
of 65927, calculated from the primary structure of the type 
strain used in this work, assuming the processing of 46 residues 
(see below) but disregarding the contribution of copper to the 
protein mass. However, the amino acid composition of the 
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TGCCGCTACATCTGCCCGCTGCQCGCTGCCCTQOCGATCCCCAQCAAGTTCCGCCTQTTCGACTGGCTCAAGCGCCGCAAGSAATGCGGCAACCCCTGCCAGCTGTGCaCCAAAQAGTGC 12a 

CRYICPLGAALAJP9KFRLF0MLKRRKECGNPCQLC A 5 E C 
npttjj 

GAGATCCAGGCCATCCACCCGGACGGTCGCATCAACGGCAACGAGTGCCACTACTGCCTCGACTGCCAGATGACCTACCACAACGACAACAAATGCCCGCCGCTGATCAACAAGCGCAAG 240 
EIQAXHPDGR1NGNECHYCL0C0HTYHNONKCPPLINKRK 



UPON _ 



AAGCGCGGCAAGAAGGCTGCCGACCCACAACTGATTCCCGCCGTCGAGGTGAGCGATGCCTGAccacgagccoA*ccgggc tcgcggcaoocgtgttat ttcceaacaggagcgacccAT 360 

KRGKKAADPQLI PAVEVSOA M 1 

noaZ 

GAGCGACAAGCAAACTGATAAGGATGAAAAAACCGGTCTGAGCCGGCGCGGCTTTCTTGGCGCCAGCGCACTTACCAGGTCGGCCGTGGCGGCCAGTGGCCTGGTCGGTGGGGTGATGAC 480 

S0KQT0K0EKTGLSRRGFLGASALTR5AVAASGLVGGVMT 41 



CCGCGACAGCTGGGCAGCGGCTGCCAAGGAGGCGCAGCAGAAGATCCATGTCGCCCCCGGCGAGCTGGACGAGTACTACGGCTTCTGGAGCGGTGGTCACCAGGGCGAGGTGCGCGTGCT 600 

ROSWAAAAK EAQQK I HVAPGELDEYYGFWSGGHQGEVRVL 81 

CGGCGTGCCGTCGATGCGCGAGCTGATGCGCATCCCGGTGTTCAACGTCGATTCGGCGACCGGCTGGGGCCTGACCAACGAGAGCCGGCACATCCTCGGCGACACGGCCAAGTTCCTCAA 720 

GVPSHRELMRI PVFNVDSATGWGLTNESRHI LGDTAKFLN 121 

CGGCGACTGCCACCACCCGCATATCTCCATGACCGACGGCAAGTACGACGGCAAGTACCTGTTCATCAACGACAAGGCCAACAGCCGCGTCGCGCGTATCCGCCTGGACATCATGAAGTG 840 

GDCHHPHISMTDGKYOGKYLFINDKANSRVARIRLOIMKC 161 

CGACAAGATCACCACCATCCCCAACGTCCAGGCCATCCATGGCCTGCGCTTGCAGAAGGTGCCGCACACCAAGTACGTGTTCTGCAACGCCGAGTTCA1CATCCCGCACCCCAATGACGG 060 

OKITTIPNVOAIHGLRLQKVPHTKYVFCNAEFX 1PHPN0G 201 



CAAGGTCTTCGACCTCGAGGACGAGAACAGCTTCACCATGTACAACGCCGTGGATGCCGAGACCATGGAAGTCGCCTTCCAGGTCATCGTCGACGGCAATCTCGACAACACCGATGCCGA 1080 

KVFDLE0ENSFTMYNAVOAETMEVAFQVIV06NLDNTOA0 241 

CTACACCGGCCGTTTCACCGCCGCCACCTGCTACAACTCGGAGAAGGCCTTCGACCTCGGCGGCATGATGCGCAACGAGCGCGACTGGGTGGTGGTGTTCGACATCTCGGCGGTGGAGAA 1200 

VTGRFTAATCYNSEKAFOLGGHMRNERDWVVVFOISAVEK 281 

GGAGATCAAGGCTGGCCGCTTCATCACCCTCGGCGACTCCAAGGTGCCGGTGGTCGACGGGCGCAAGAAGGACGGCAAGGACAGCGTGGTGACCCGCTACATTCCGGTGCCGAAGAACCC 1320 

EIKAGRFITLGDSKVPVVOGRKKDGKOSVVTRYIPVPKNP 321 

GC ACGGCCT GA ACACT T CC ACCGACGGC A AGT ACT T C ATCGCC A ACGGCAAGCTGTCGCCGACC TGCTCGATG AT CGCCAT CGACCTGCTGCCCGACCT GT TCGCCGGC A AGCTCA AGGA 1440 

HGLNTSTOGKYFIANGKLSPTCSMIAIOLLPD 'LFAGKLKO 361 

CCCGCGTGACGTGGTGGTCGGCGAGCCCGAGCTGGGCCTTGGCCCGCTGCACACCACCTTCGATGGTCGCGGCAACGCCTACACCACGCTGTTCATCGACAGCCAGGTGGTCAAGTGGAA 1560 

PROVVVGEPELGLGPLHTTFOGRGNAYTTLFXOSQVVKtIN 401 

HlndU I 

CATGGAGGAGGCCCGTCGCGCCTACAAGGGCGAGAAGGTCAACTACATCAAGCAGAAGCTTGACGTGCACTACCAGCCGGGTCACCTGCACGCCTCGCTGTGCGAAACCAGC^AGCCGA 16B0 

MEEARRAYKGEKVNVIKQKt. DVHYQPGHLHASLCETSEAD 441 

TGGCAAAT GGCTGGTGGCGCT GT CGAAGT TCTCCA AGGACCGCT TCCTGCCCACCGGCCCGC TGCACCCGG AGAATG ACCAGT TGATCGA C A T CTCCGGCG ACGT G A TG A AGCTGGTGCA 1 800 ^ 

GKM L VALS K F SK ORF L P T GP LHP ENOQL IDI SGOVMK LVH 481 

TGACGGCCCGACCTTCGCCGAACCGCATGACTGCATCATGGCCCGCCGCGACCAGATCAAGACGCGCAAGATCTGGGACCGCAACGACCCTTTCTTCGCCCCGACCGTGGCCATGGCCAA 1920 

O GPT F A E PH 0 C I MARR OQI K T RK I. WORN OPF F A P T V A K A K 521 



C AAGGACGGC AT C A ACC TGGAGG AGGACA ACA AGGTC ATCCGCG A TGGCA AC AAGG TGCGCG T GT AC AT G ACCTCC A TGGCGCCCGCCT A 7 GG TC TG ACCG A A T T C A AGGTCAAGC AGGG 2040 v 

KDGINLEEONKVIROGNKVRVYMTSHAPAYGLTEFKVKQG 561 

CAATGAAGTCACCGTGGTGATCACCAACATGGACCAGATCGAGGACGTGTCCCACGGCTTCGTCATGGTCAACCACGGCGTGAGCATGGAGATCAGCCCGCAGCAGACCTCGTCGATCAC 2160 

N E V T V V I T ft M 00 I E 0, V S H G F VM V N HG V SHE I S P Q O T S S X T 601 



CTTCATCGCCGACAAGCCCGGCCTGCACTGGTACTACTGCAGCTGGTTCTGCCACGCGCTGCACATGGAGATGGTCGGCCGCATGATGGTCGAGCCGGCCTGAtgccgnggccggggagg 2280 
F I A 0 K PC L H W Y Y C S.W F C H A I H'm E M V G R M H V E P A — - 634 

^ _ RpON RpoN 



attgccttccccggcctcgtattgagcttcagcgtggBagcoacgggggcgcctagccttgtccgcgaatgcttgtggataaacgttcgcggagccccgtcgcttccacaaaacgtgatg 2400 

SD : Pst.1 

cagcgtacgaacaggtggacgaaggtaagtgcaGTGATCCGATATACCAAGCTCCCCGCGACCTGCGCCGTGCTTTTGCTCGCTGCAGGCTCCGTCATGGCACAGGTGCAGCCCATCTCG 2520 

MI lYTKLPA TCAVLLLAAG SVMAQ VOPIS 29 
nosD 

PstI 

ACCCT GCCGC T GC AGGCGC AGGGCGAG A ACCGC TGGCT GCTGCCGGCGGGCG AGT ACC ACGGGC A G T T CGT C A T CG ACC AGCCC* TGCAACTGCGT TG TGCGGCCGGCGCGTGC TGCGGG 2640 

TLPLOAQGENRMLLPAGEVHGQFVIOQPMQLRCAAGACCG 69 

CCG ACCGGGC AGGGC AGCGCGT T G AT C AT CG A AGCCAGCG ACGTCAGCGT CGAAGGC T GC ACCC T CC T C A AC T GGGGGCGCG A T CTC ACCGCC A T GG A T GCCGGCGT GC AT AT CGCCGCG 2760 

PTGQGSALI I EASOVSVEGCTLLNMGRDLTAMOAGVHIAA 109 

Fig. 3. Primar> structure of the nosZ region from P. aeruginosa. The sequence, besides nosZ* covers the end of the nasR gene and the start of 
the nosD gene. The opposing arrows indicate presumptive transcriptional terminators with a free energy of formation for nosZ and nosR of 
— 149.8 kJ mo!~ 1 and 122.2 kJ mol " \ respectively. Specific motifs in the sequence are labeled as in Fig. 2. 



enzyme from strain P2 deviates by more than what could be 
ascribed to strain difference. 

The N 2 0 reductases of P. stutzeri (Korner and Mayer, 
1992) and other bacteria (for review see Zumft and Kxoneck, 
1990) are located in the periplasm. The N-terminal sequences 
of the deduced NosZ proteins of A. eutrophus and P. 
aeruginosa have the characteristics of a leader peptide, i.e. N- 
terminally located positive charges, a hydrophobic potentially 
membrane-spanning segment and several potential cleavage 
sites following the -1,-3 rule (von Heijne, 1986), which indi- 



cates that N 2 OR is synthesized as a precursor for transport. 
The three leader sequences of NosZ have a common sequence 
motif, Gly-Xaa-Xaa-Arg-Arg-Xaa-Phe-Leu-Gly, that occurs 
in a similar form in leader peptides of the hydrogenase sub- 
units from A. etf/rop//«s(Friedrich, 1990; Friedrich, B., unpub- 
lished results). An alg rithm predicting transmembrane seg- 
ments (Rao and Argos, 1986) indicates, for N 2 OR from A. 
eutrophus, a membrane-anchor-like structure extending over 
Gly39-Ala63, following the first possible cleavage site at 
Thr36. Since the currently known N 2 Q reductases have been 



PSEAE CRY 1 CPLGAALAI PSKFRL FDULKRRKECGNPCQLCAKECE I OA I HPDGR I N 

PSEST CRYVCPIGAGLAI TGRFRLFDULKRRKECGNPCQ1 CANECEVQAI HPDGHI N 716 

* * * * 



PSEAE GNECHYCLDCQMTYKNDNKCPPL I - -HKRKKRGKKA-ADPQL IPAVEVSDA 

•aaaaaaaaaaaaaa • a • a a a a • a • a a a a • 

PSEST HNECHYCLD^TYHNENKCPPLIAKN 765 
* * * * 

B 

PSEAE MIR YTKLPATCAVLLLAAGSVMAQVQP I STLPLQAQGENRULLPAGEYHGQFV 53 

PSEST MF*«CWTFSRYSAAVSLLLLFSGAAQAAPQSITTLPLQPDGENRWRLPAGEYQGQFT 57 



PSEAE IDQPNQLRCAAGACCGPTGQGSAL 1 1 EASDVSVEGCTLLNUGRDLTAMDAGVH I AA 109 

■ • • a a a a a SSaaalaa a a" a a a a * £ ! • a a 

PSEST i EQPHQLRCEPGAV IQSQGQGSSLL I SAPD VLVEGCTLYEUGSDLTAHDSAVF I LP 113 

Fig. 4. Sequence alignment of the translated 5'-flahking and 3'-flanking regions of the nosZ genes from /*. aeruginosa (PSEAE) and P. stutzeri 
(PSEST). (A) C-terminal part of NosR; several clustered cysteine residues with positional resemblance to bacterial ferredoxins are indicated 
by asterisks. (B) N-terminal part of the unprocessed NosD. Colons mark invariant residues, dots conservative amino acid replacements. Source 
of sequences: NosD of P. stutzeri, from Zumft et al., 1990; NosR of P. stutzeri (Cuypers et al, 1992). 



reported to be soluble proteins (see Zumft and Kroneck, 
1990), further studies are appropriate to define a possible 
membrane association of N 2 OR in this bacterium. 

The blocked N terminus of the P. stutzeri NosZ protein 
(Viebrock and Zumft. 1988) might be a pyrogjutamyl residue 
at position 51 (Ser-Trp-Ala|Gln-Ala-Val), which corresponds 
to the Ser-Trp-Ala| Ala-Ala-Ala site of P. aeruginosa and re- 
sults, for NosZ of this organism, in a leader peptide of 46 
residues. NosZ proteins appear to have long signal sequences 
which are usually more typical of Gram-positive bacteria (von 
Heijne and Abrahamsen, 1989). 

Sequence conservation 

The derived amino acid sequences of NosZ from A. 
eutrophus and P. stutzeri have an overall positional identity 
of 50% (Fig, 5). There are clearly confined regions in the 
primary structure of the two reductases which have a degree 
of conservation well above average. The positional identity 
between P. aeruginosa and P. stutzeri is very high (89.9%) 
and limits the differentiation of functional regions for metal 
binding. The correspondence between the gene products of the 
two pseudomonads decreases to 80% (upstream) and 57.8% 
(downstream) in the regions flanking nosZ (Fig. 4). Unless 
specified otherwise, positional reference is made further on to 
the P. stutzeri sequence. 

Fourteen out of 23 histidine residues of NosZ from P. 
stutzeri and 3 out of 9 cysteine residues are invariant in the 
three sequences (Fig. 5). Of those, His583, His623, His626, 
Cys618 and Cys622 belong to the Cu A site. Position 165 is the 
only conserved cysteine within the N-terminal domain of the 
protein. Conserved methionine residues are at positions 227, 
267, 268, 481, 629 and 633. By extended X-ray-absorption fine 
structure (EXAFS) analysis, several sulfur (S, CI) and nitrogen 
(N, O) scatterers for copper were identified in resting and 
in reduced N 2 OR (Scott et ah, 1989; SooHoo et al., 1991). 
Currently, a two-center model accounts for most of the avail- 
able spectrosc pic evidence for the copper sites of N 2 OR. The 



paramagnetism observed in resting N 2 OR is mainly attributed 
to a binuclear center, A. The contribution of a second 
paramagnet to this center is weak (Riester et al., 1989; Farrar 
et al, 1991 ; Antholine et al, 1992). The enzyme becomes 
EPR-silent on reduction by ascorbate. However^ further re- 
duction in the presence of phenazine methosulfate as mediator, 
or by dithionite, again generates a paramagnetic species which 
belongs to a presumably binuclear center, Z (Farrar et al.,' 
1991 ; Jin et al., 1989; Riester et al., 1989). Resonance Raman 
features of the reduced center Z suggest a relationship with 
type-1 copper proteins and indirectly support a cysteine coor- 
dination (Dootey et al., 1987). The near-infrared bands in the 
circular dichroism spectra of N 2 OR also indicate a highly 
covalent (Cu(II)S(Cys)] site (Dooley et al., 1991). The shape 
and intensities of the magnetic circular dichroism (MCD) 
spectra of oxidized and reduced N 2 OR, although very diff r- 
ent from type-1 copper proteins, provide more evidence for a 
cysteine coordination in center Z. If this center is binuclear, a 
bridging cysteine residue would suffice to generate the two 
polarized charge-transfer transitions observed in the MCD 
spectrum (Farrar et al., 1991). It is likely that Cysl65 rep- 
resents this iigand, being the only conserved residue outside 
the Cu A site. In its vicinity are the invariant histidines 129, 
130,132 and 178. 

The electron-spin echo-envelope modulation (ESEEM), 
besides EXAFS, strongly indicates a multiple imidazole coor- 
dination to copper ( Jin et al, 1989), The regions of the primary 
structure potentially providing these ligands may be circum- 
scribed, considering those regions that show highly conserved 
neighborhoods as better candidates. Outside the Cu A center 
these are histidines at positions 78, 326, 382, 433 and 467. They 
reside within regions (related to an undecapeptide centered at 
the histidine residue) ranging in positional identity over 63.6 — 
90.9% between A. eutrophus and P. stutzeri. The highest de- 
gree of conservation is observed around His382 and His467. 
We assume that several of these histidines are part of center 
Z. Histidine residues at positions 61, 129, 130, 132, 178, 494 
and 583, although conserved, are located in regions of a 1 w 
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PSEST MSDXDS RMTPQVPEKLGLSRRGPLGASAVTGAAVAATALGGAVMTRBSHAQ — AVKESKQKI 60 

PSEAE HSDKQT DKD EKTGLSRR0FLGASALTR8AVAASGLVGGVMTRDSHAA — AAKBAQQKI 5 6 

ALCEU HSKEKA5XGN PGG IGRRQFIXSTAALAGLAGVVACTORGAAPAAAAVGAPASGAHGAAHGAGASV 65 



PSEST BVG 
PSEAE BVA 
ALCEU BLK 



PGBLDDYYGFWSGGBQG 

PGBLDBYYGFWSGGBQG 
PGELDTYY LWSGGKIG 



VRVLGVPS 
VRVLGVPS 
HRVLGLPS 
******** 



MRBLH 
KRBLM 
GRBIL 
**• • 



RIPVP 
RIPVF 
RZPCF 
**» * 



NVDSAT 
KVDSAT 
VPDALV 



GMGLTRESR 
GUGLTNBSR 
GUGITNBSK 
***■ ***** 



HIM 117 
HIL 113 
KVM 122 



PSEST GDSA RFLHGDCDPUSMT 

PSEAE GOTA KFLNGDGEMPU SNT 

ALCEU GARPDGTLRYTVAOTnriASYR 
*■ ■ •• •* **«*•* . 



DGKYDGKY 
DGKYDGKY 
DGNYDGRY 
**»♦**«♦ 



LPI 
LFI 
AWV 



NDKANSRVARIRLD 
HDKANSRVARIRLD 
NOKINSRIARIRLD 



IMKCDKHIT 
ZMKCDKZTT 
YFICDKITE 
. ***••• 



VPN 173 
ZPN 169 
LPN 182 



PSEST 
PSEAE 
ALCEU 



PSEST 
PSEAE 
ALCEU 



VQA IBGLRLQK VPHTKYVFANA 

VQA XKLRLQK VPRTKYVFCNA 

VQG FBGIFPDKROPVDTKINYTTRVFCGG 
**■!•**• •* • • *• ** 



EFIIP 
EFIIP 
BFGIP 
** ** 



HPNDGKVFDLQDBNSYTMYNA 
HPHDGKVFDLBOBNSFTMYHA 
LPSAPTE DAGKYRSLFTC 



IDABTN 
VDABTM 
VDABTM 
« ***** 



eImafqviv 
e vafqviv 
aIvrhqvli 

■J . ■**• ■ 



DGNLD 
DGNLD 
DGNCD 
**♦ * 



NTDAOYTGRFAAATCYNSEKAFDLGGMIRIiBROIfVVVFDIHAVBAAVKA 
NTDADYTGRFTAATCYMSKKAFDLGG10IRNKRDWVVVFDISAVBKKIKA 
LVATSYDGKIJ^TNQYTITENGAHFKDIBISABRDACVFFHIARIBAAVQA 
•••■***•••*•• **.*.. •••■*••***• * *•• .* ■••* 



227 
223 
240 



289 
285 
302 



PSEST 


GDFITL 


GDSKTPVLDG 


RKKOGKDSR — FTRYV 


PVPKNPBGCN 


TSS 


DGKYFI 


A 


AGXLSP 


345 


PSEAE 


6RFZTL 


GOSKVFWDG 


RKKDGKOSV — VTRYI 


PVPXNPBGLN 


TST 


DGKYFI 


A 


NGKLSP 


341 


ALCEU 


GKFKTY 


GDSKVPWDG 


TQAANKDPKTALTAYV 


SVPKNPBSVN 


ASP 


DQKTFI 


C 


AGXLSP 


360 




* * * 


*•**>«*•** 


> • • **• * *• 


******** • 


• *• 


* *••* 




• ***** 





PSEST T I CSMIAIDKLPOLFAGKLADPRDVIVG 
PSEAE T I CSHXAIDLLPDLFAGKLKDPRDWVG 
ALCEU T I ATVIELSRVLGWFOGKQBKLODAIVA 
* | ••*•*• • ■ *•** * *■•*• 



EPBLGIXSPLHTTFDGRGNAYTTLFIDSOVVKniM 
EPELClXPLETTFDGRGNAYTTIf IDSQVVKMKM 
BVEI^LGPLBTAFTCRGNAYTTLFI*DS<2LVKMHL 
* *********»*****************♦***, 



407 
403 
422 



PSEST EAVRAYKfiBK-VNYIRQKLDV 
PSEAE SARRAYKGRK- VHY IKQKLD V 
ALCEU AAIKFHKGOKNAKYWDRLDL 
.* * •**•* ••*• ***** 



HYQPGBL 
HYQPGML 
QYQPGHV 
» ****** 



HASLCETH j RADGKWL 
HASLCBTS | EADGKNL 
NASQSETV AADGKYL 



******* 



VAL 
VAL 
AVG 



SKFSKDRFLPVTPL 
SKFSKDRFLPTGPL 
CKFSKDRFLPVGPL 



466 
462 
482 



PSBST 
PSEAE 
ALCEU 



HPENDQLIDISGD 
HPENDQLIDISGD 
BPENBQLIDISGQ 
************* 



EMKLVHDGPTF 
VMKLVHDGPTF 
KMVLMADHPVR 
****** 



ABPBDCI 
ABPHDCI 
GBPBDFI 
***** * 



KARRDQIRTRRIWORNOPFFAPTVBMARKDG 528 
MAPJU3QIKTRKJWDRNDPFFAPTVAMAKKDG 524 
I FKRELVRPKQVYALDD — FPLAIKDPJCESG 542 



PSBST 
PSEAE 
ALCEU 



PSBST 
PSEAB 
ALCEU 



IKLSTDNRVIRDGKKVRVYM 
INLEEDHKVIPDGNKVRVYM 

V FRNGRKVTVKI 

******* * • 



TSMAPA 
TSMAPA 
TSQAPA 
** **♦ 



FGVQEFTVKQ 
YGLTBFKVRQ 
FSLREFKLKK 



GDEVT 


VTITHI 


DQXED 


VSBGFW 


587 


GNKVT 


WITHM 


OQIED 


VSBCFVM 


583 


GDEVT 


LILTNL 


DRIED 


LTflGFAI 


593 


***** 


• • ***• 


***** 


• ***** . 





VNHGVSHBISPQQTSSI TFVADKPGL 
VNBGVSKBISPQQTSSI TFIADKPGL 
PKYWVNFIVHPQBTASV TFVADKPGV 



HUTYCSH 


FCHALHMEM 


VG 


MMVB 


PA 


636 




HMYYCSW 


FCBALBMEM 


VG 


RMtVE 


PA 


634 


i 


FHCYCTB 


FC8ALSLSK 


RT 


RM1VB 


-A 
* 


643 



Fig. 5. Alignment of the derived amino add sequences of the msZ genes from #> stmtzeri (PSEST), P. aeruginosa (PSEAE). and A. eatwpkas 
(ALCEU)* The multiple alignment of the NosZ sequences was performed by the program CLUSTAL (Higgins and Sharp, 1989); asterisks 
denote invariant residues, dots well-conserved residues. Regions in the sequence with 80% similarity within a window of five residues 'are 
boxed. The conserved cysteine, histidine, methionine and tryptophan residues are in boldface letters. The alignment was computed using the 
DayhotT mutation data matrix with the following parameters: gap penalty 8; window size 16, filtering level 2.3, open gap cost IS and unit gap 
cost 15. A lower gap cost only improves the alignment of the N-terminal residues with respect to the common sequence motif. Sequence 
source: NosZ of P. stutzeri from Viebrock and Znmft( 1988). v 



sequence conservation (Fig. 5). However, His583 is part of the 
Cu A domain, and the invariant cluster of three histidines* 
centered at Hisl 30, is followed by a longer stretch of conserved 
primary structure. 

The NosZ protein has four conserved tryptophan residues 
(out of a total of nine in P. stutzeri). Trp76 lies within three 
residues of the invariant His78, closely followed by Trpl07. 
Trp404 is part of the most strongly conserved region around 
His382, and Trp615 is a neighbor of Cys618 in the Cu A site 
of N 2 OR. Copper binding quenches the fluorescence of tryp- 
tophan, as shown by comparing the apoprotein with the en- 
zyme low in copper from mutant MK402 and with resting 
N 2 OR (Dooley et al., 1991). A tryptophan residue might, 
therefore, be part of, or sufficiently close to, a copper center 
to allow energy transfer from the aromatic residue to the 
metal site, it has previously been indicated that fluorescence 
quenching is better correlat d with an occupied Cu A site than 
with the total copper content (Dooley et al., 1991). If this 



finding is substantiated, Trp615 within the Cu A site may rep- 
resent such a special residue for energy transfer (Fig. 5). 

The Cu A domain 

The 50 C-terminal residues (Asp580-Met629) of the 
three N 2 OR sequences, when compared with the consensus 
sequence of COH, reveal, by cluster analysis (Higgins and 
Sharp, 1989), 12 positional identities and 16 well-conserved 
positions (Fig. 6). We extend here our previous proposal that 
this region forms a homologous Cu A domain in N 2 OR and 
COH because of its conservation of residues for metal binding 
and similar features with respect to the secondary structure 
of blue-copper sites. The inner limit of this domain may be 
confined by the conserved Pro 164 of COII (Paracoccus 
denitrificans), whose corresponding residue in N 2 OR (P. 
stutzeri) could be Pro553 which is shifted slightly upstream. 
A conserved aromatic region Trp-Xaa-(Tyr/Phe)-Xaa-Tyr in 



the COII sequences (Buse and Steffens, 1991; Holm et al„ 
1987) is absent from N 2 OR and, presumably, is not part of 
the common Cu A domain. No overall sequence similarity is 
apparent between N 2 OR and COII outside of this domain. 

The alignment of the C-terminal parts of the three NosZ 
sequences with the COII consensus (the latter constituting the 
most-frequently occurring residues in the homologous region 
of 32 sequences of COII) yields the Cu A consensus sequence 
Asp-(Val/Leu)-Xaa-His-Xaa-(Trp/Phe/Tyr)-Xaa 29 -(Trp/ 
Phe/Tyr)-Xaa 2 -Cys-Xaa 3 -Cys-Xaa3-His-Xaa 2 -Met (Fig. 6). 
Position 50 of the Cu A consensus is a methionine (conserved 
both in N 2 OR and COII), which disregards threonine at the 
same position of the soybean and rice sequences, but appears 
justified on the basis of mRNA editing of COII in plants 
(Covello and Gray, 1990). The sequence of Paramecium 
primaurelia, obtained from the database, was not considered 
because it contains an unidentified residue. 

The seven-line EPR spectrum of resting N 2 OR has been 
proposed to rise from a mixed-valence [Cu(1.5) ... Cu(1.5)] 
species (Kroneck et al., 1988). The spectrum simulation for 
frequencies ranging over 2.4—9.1 GHz yields consistent g 



values for N 2 OR and cytochrome-c oxidase only when as- 
suming a binuclear copper site, but not when considering a 
mononuclear site (Kroneck et al, 1990). ESEEM, EXAFS, 
multifrequency EPR and MCD data all show that the spectral 
features of N 2 OR and cytochrome-c oxidase have remarkable 
similarities (Kroneck et al., 1988, 1990; Scott et al., 1989; Jin 
et al., 1989; Farrar et al., 1991 ; Antholine et al., 1992). This 
evidence led to the conclusion that cytochrome-c oxidase must 
have a copper site highly similar to that of N 2 OR. That N 2 OR 
can provide a valuable model for cytochrome-c oxidase rests 
on the facts that the enzyme from P. stutzeri has no heme 
moiety which, in cytochrome-c oxidase masks the signals of 
the Cu-Cu interaction, and that the copper of center Z is 
EPR-silent in the enzyme as isolated. As stated above, the 
contribution of a second paramagnet to center A is weak. 

The Cu A binding center of COII shows a relationship to 
the type-1 site of blue-copper proteins (Steffens and Buse, 
1979; Holm et al., 1987). A His 2 -Cys-Met coordination has 
been proven from crystal structures for the type-1 site (for 
review see Adman, 1991). The Cu A site of cytochrome-c oxi- 
dase is also believed to be mononuclear, but has a His 2 -Cys 2 
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Fig. 6. Structural features of the Cu A domain of N 2 0R and COII, and 
of type-1 copper sites. The upper part shows superposition of profiles 
for the 60 C-terminal amino acids of N z OR from A. eutrophus or 61 
residues from P. stutzeri (heavy lines) and the corresponding region of 
COil sequences (thin lines) from Pa. denitrificans (A1a205— Gln265); 
yeast (Alal81-Leu241), bovine (Serl56-Leu216), and wheat 
(Prol84- Leu244). Profiles are (a) relative mutability of amino acids 
(DayhofTet ah. 1979); (b) probability of /J-turns (Chou and Fasman, 
1979); (c) conformational preference for antiparallel /?-sheeU (Lifson 
and Sander, 1979); (d) hydrophobicity profile using a contact-energy 
scale derived from crystal data (Miyazawa and Jernigan, 1985). The 
abscissae for the profiles a, c and d are normalized; the scale in b 
represents the turn probability x 10*. Sequence sources: COII 
(SWISS-PROT, release 18): A, eutrophus (this work); P. stutzeri 
(Zumft and Viebrock. 1 988). The sequences in the lower half comprise 
the copper-binding regions of poplar plastdcyanin (PPC; Guss and 
Freeman, 1983), azurin from P. aeruginosa (PSAZ; Canters, 1987), 
nitrite reductase from Achromobacter cycloclastes (NIRAC; Fen- 
derson et al., 1991 ). rhus laccasc domain 3 (LACD3; Germann et al., 
1988). and cucumber ascorbate oxidase domain 3 (AOD3; 
Messerschmidt et al., 1989). They were aligned with the three N 2 OR 
sequences (PSEST, PSEAE, ALCEU), and the COII consensus 
(labeled COII). P-Sheet is indicated by dashes, a turn region by arrow 
heads. The boxed parts emphasize the turn regions: Residues in bold- 
face are proven ligands to copper. Invariant residues between the 
AOD3 and PSEST sequences are shown by asterisks, conservative 
replacements by dots. Multiple alignment comprising the COII con- 
sensus and the three NosZ sequences was made by the CLUSTAL 
program (see Fig. 4). The COII consensus and the variation found in 
32 sequences, with the most frequently occurring amino acid in the 
lop row and the other residues given in the order of decreasing 
frequency underneath each position, is shown in the lowermost part. 
The sources for the COII sequences are 29 entries from the SWISS- 
PROT databank (release 18; omitting Pm. primaurelia) and the se- 
quences from Bacillus subtilis (Saraste et al, 1991), Thermus 
thermophilus (Mather et al., 1991), and bacterium PS3 (Ishizuka et 
al., 1990). A gap was disregarded in the COII consensus between 
position 34 and 35, that results from the six-residue insert in the 
sequences of fi. suhtffls and bacterium PS3. The double-headed arrows 
identify positions of absolute conservation in the COII consensus 
which are absent in N 2 OR; asterisks denote invariant, dots well- 
conserved residues. The very last line gives the Cu A consensus derived 
from N 2 OR and COII. Phenylalanine (F) may be replaced by tyrosine 
or tryptophan; valine (V) is replaced by leucin in A. eutrophus. For 
further discussion, see the text. 
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coordination (Martin ct al., 1988). If one accepts that N 2 OR 
and cytochrome-c oxidase share a structurally related domain, 
coordination of Cu A by histidine and cysteine only, is incom- 
patible with the concept of a mixed valence, binuclear copper 
site, given the constraints from the primary structure of both 
enzymes. 

A mixed-valence species does not necessarily require an 
entirely symmetrical coordination to allow an equal spin dis- 
tribution over both copper atoms. A bridging ligand is as- 
sumed for this purpose, and a N(His)-S(CysHCu(l .5)-S(Cys)- 
Cu(1.5)]-N(His)-S(Met) coordination is considered for the 
Cu A site (Antholine et al., 1992). In essence, this model com- 
bines elements of the type-1 copper site and the established 
minimal coordination of the Cu A site of cytochrome-c oxidase 
with the constraint that only two conserved cysteine residues 
are available for this site (the third being part of the center 
Z). If the bridging ligand is a group other than cysteine (for 
instance carboxylate), each copper atom could have an indi- 
vidual cysteine ligand generating a coordination that would 
very likely be dominated by the two Cu-S(Cys) ligand-to- 
metal charge-transfer transitions. The Cu A domain provides 
the set of core ligands required for the above model. 

EX AFS of oxidized and reduced N 2 OR, and of the mutant 
enzyme low in copper but with the Cu A site occupied (Scott 
et al., 1989; Dooley et al., 1991), has been used to identify 
multiple Cu-(S, CI) interactions. Among them is a long (ap- 
proximately 0.26-0.27 nm) Cu-(S, CI) distance that is tempt- 
ing to view as a Cu-S(Met) interaction at the Cu A center. 
The true Cu-S(Met) distance in the azurius from Aicaligenes 
denitrificans (Shepard et al., 1990) and P. aeruginosa (Nar et 
al., 1991) is approximately 0.32 nm and, therefore, much 
longer. We note, however, that using EXAFS, this bond in the 
latter protein had been estimated to be only 0.27 nm 
(Groeneveld et al., 1986). In poplar plastocyanin, the Cu- 
S(Met92) distance is 0.29 nm (discussed by Guss et al., 1986). 

Several common features can be identified within the Cu A 
domain. Fig. 6 shows superimposed profiles for the relative 
mutability of amino acids, predictions for 0-turns and 0-sheet 
and hydrophobicity profiles for four representative COII se- 
quences from prokaryotes and eukaryotes, as well as for two 
NosZ proteinsl Despite the disparity between organisms and 
two types of enzymes, similar patterns are apparent . for the 
Cu A region. The variability of residues in the COII sequences 
has two broad minima around positions 4 (His) and 39-, 
43 (Cys-Xaa 3 -Cys) of the Cu A consensus sequence (a few 
exceptions are also noticeable). These minima coincide with a 
decrease in the relative mutability of amino acids, particularly 
around the Cys-Xaa 3 -Cys motif (Fig. 6). Further similarity is 
observed when extending the comparison to the structure of 
the type- 1 site of copper proteins. In the blue-copper proteins, 
the copper binding site follows a large loop which crosses the 
south" of the protein (Gus and Freeman, 1983; Adman, 1991). 
The 0-turn structure preceding this loop seems to be conserved 
in the Cu A domain. The residues Asp580 and His583 (P. 
A/H/rer/), equivalent iu positions 1 and 4 of the Cu A conserisus, 
respectively, are conserved both in N 2 OR and COII, which 
suggests essentiality of these residues. It has been proposed 
that these residues are brought into the proximity of the Cys- 
Xaa 3 -Cys motif (Cys618 and Cys622 of P. stutzeri) to serve 
as iigands (Holm et al., 1987). Depending on the exact compo- 
sition of the Cu A site, further histidines could also be provided 
by a second protein domain, as observed for the trinuclear 
copper center of ascorbate oxidase. We find that the Cu A site 
of N 2 OR shows certain sequence similarity to the copper- 
binding domain 3 of this oxidase (Fig. 6). Domain 3 of 



ascorbate oxidase harbors the type-1 copper center and con- 
tributes four histidines to the trinuclear copper center bonded 
between domain 1 and 3 (Messerschmidt et al, 1989). 

The Cu A site, initially believed to be unique to cytochrome- 
c oxidase, is clearly present in N 2 OR. MCD studies are in 
pr gress to further support this conclusion (Bingham et al., 
1991). Of course, it should not be implied that the Cu A binding 
sites of N 2 OR and COII are identical in every aspect. Not 
surprisingly, the alignment shows one lysine, one glutamate, 
and two glycine residues conserved in the COII consensus 
sequence but not in N 2 OR (Fig. 6). The set of conserved 
residues differing in the Cu A domain of N 2 OR and COII may 
reflect the catalytic activity of the two enzymes, related to the 
interaction with specific electron donors or different intramol- 
ecular electron transfer pathways. In cytochrome-c oxidase, 
the Cu A center is seen either as an integral part of the proton- 
translocating mechanism (Gelles et al., 1986) or as a structur- 
ally rigid-metal site for fast-electron transport, similar to the 
blue, /f-sheet copper proteins (Williams, 1987; Holm et al., 
1987). The three N 2 0 reductases structurally investigated so 
far are soluble enzymes and there is no evidence that they 
would contribute to proton translocation other than by pro- 
viding an electron sink for the anaerobic respiratory chain. 
The question which needs to be answered is what are th 
functional specificities of a binuclear Cu A center compared 
to a type-1 site? Wilson and Bickar (1991) suggested, for 
cytochrome-c oxidase, the possibility that a 2H + /e* stoichi- 
ometry is accomodated at a binuclear site, but a strong case 
has been made recently for Cu B as the redox-active element in 
proton pumping (Babcock and Wikstrom, 1992). Thus, the 
question remains open as to why this peculiar metal site is 
present in two types of respiratory enzymes reducing 0 2 or 
N 2 0. Evolutionary aspects appear as an attractive rationale 
(ZumfL 1992), but will only become more convincing if a 
functional basis can be found. 



We thank P. Kroneck for helpful discussions and comments on 
the manuscript. SL is grateful to U. Gunthert for help with screening 
the P. aeruginosa gene library. The sequence data reproduced here 
form part of the Ph. D. theses of S. L. and A. D. The work was 
supported by the Deutsche Forschungsgemeinschaft and Fonds der 
Chemisclxen Industrie. v - 



REFERENCES 

Adman. E. T. (1991 ) Adv. Protein Chem. 42. 145-1907. 
Alting-Mees. M. A. & Short; J. M. (1989) Nucleic Acids Res. 17, 9494. 
Antholine. VV. E., Kasirau, D.. StefTens, G. C. M., Buse, G., ZumfU 

W. G. & Kroneck, P. M. H. (1992) Eur. J. Biochem.. in the press. 
Arvidsson. R. H.. Nordling. M. & Luridberg. L. G. (1989) Eur. J. 

Biochem. 179. 195 -200. 
Babcock. G. T. A Wikstrom. M. (1992) Nature 356, 301 -309. 
Bingham. S. J.. Barrett. C. P.. Thomson. A. J. & Farrar. J. A. 1991. 

J. Inorg. Biochem. 43. 188. 
Boiivar. F. (i978) Gene (Amst.j 4, \ 2\ - 136. 
Boyer. H. W. & Roulland-Dussoix, D. (1969) J. Mot. BioL 47.459- 

472, 

Bullock. W. O.. Fernandez. J. M. & Short, J. M. (1987) BioTechniques 
5.376-379. 

Busc, G. & Siefiens. G. M. ( i 99 i ) J. Bioenerg. Biomemhr. 23, 269- 
289. 

Canters. G. W. (1987) FEBS Lett. 212. 163-172. 
Chou. P. Y. & Fasman, G. D. (1979) Biophys. 7. 26. 367-384. 
Covcllo. P. S. & Gray. M. W. (1990) FEBS Lett. 268. 5-7. 
Coyle. C. L.. Zumft. W. G., Kroneck, P. M. H.. Korner, H. & Jakob, 
W. (1985) Eur. J. Biochem. 153. 459-467. 



40 



Cuypers, H. & Zumft, W. G. (1992) in Pseudomonas: molecular bi- 
ology and biotechnology (Galli, E., Silver, S. ft Witholl, B., cds) 
pp. 188-197. American Society fcr Microbiology, Washington, 
D. C. 

Cuypers, H. Viebrock-Sambale, A. ft Zumft, W. G. (1992) J. 
BacterioL, in the press. 

DayhoiT, M. O., Schwartz, R. M. ft Orcutt, B. C. (1979) in Atlas of 
protein sequence and structure (DayhoiT, M. O., ed.), vol. 5, pp. 
353-358. National Biomedical Research Foundation, Wash- 
ington, D. C. 

Dooley, D. M., McGuirl, M. A., Rosenzweig, A. C, Landin, J. A., 

Scott, R. A., Zumft, W. G., Devlin, F. & Stephens, P. J. (1991) 

lnorg. Chem. 30. 3006-301 1 . 
Dooley, D. M., Moog. R. S. & Zumft, W. G. (1987) / Am. Chem. 

Soc. 709.6730- 6735. 
Eberz, G., Hofgrefe, C, Kortluke, C, Kamienski, A. & Friedrich, B. 

(1986) J. BacterioL 171. 1093-1099. 
Farrar, J. A., Thomson, A. J., Checsman, M. R., Dooley, D. M. & 

Zumft, W. G. (1991) FEBS Lett. 294, 1 1 - 15. 
Fenderson, F. F., Kumar, S., Adman, E. T., Liu, M.-Y., Payne, W. 

J. & LeGall, J. (1991) Biochemistry 30. 7180-7185. 
Friedrich, B. (1990) FEMS Microbiol. Rev. 87, 425 - 430. 
Gelles, J., Blair, D. F. ft Chan, S. I. (1986) Biochim. Biophys. Acta 

853. 205 - 236. 

Germann, U. A., Muller, G., Hunziker, P. E. & Lerch, K. (1988) J. 

Biol. Chem. 263. 885-8%. 
Groeneveld, C. M., Feiters, M. C, Hasnain, S. S., van Rijn, J., 

Rcedijk, J. & Canters, G. W. (1986) Biochim. Biophys. Acta 873. 

2;4-227. 

Guss, J. M. & Freeman, H. C. (1983) J. MoL Biol. 169. 521 - 563. 
Guss, J. M., Harrowell, P. R., Murata, M., Norris, V. A. ft Freeman, 

H, C. (1986) J. MoL BioL 192. 361-387. 
Henikoff, S. (1984) Gene (Amst.) 28. 351-359. 
Higgins, D. G. & Sharp, P. M. (1989) CAB10S5. 151 - 153. 
Holm, L., Saraste, M. ft Wikstrdm, M. (1987) EMBO J. 6. 2819- 

2823. 

Hunt, T. P. & Magasanik, B. (1985) Proc. Natl Acad. Set USA 82. 
8453 - 8457. 

Ishizuka, M., Machida, K., Shimada, S., Mogi, A., Tsuchiya, T., 
Ohmori, T., Souma, Y., Gonda, M. .ft Sone, N. (1990) J. Biochem. 
108, 866- 873. 

Jin, H., Thomann, H., Coyle, C. L. ft Zumft, W. G. (1989) /. Am. 

Chem. Soc. 111. 4262 -4269. 
Khambaty, F. M. ft Ely, B. (1990) BioTechniques 9. 714-715. 
Knauf, V. C. ft Nester, E. W, (1982) PlasmidB. 45- 54. 
Korner. H.. Frunzke, K.. Dohler, K. ft Zumft, \V. G. (1987) Arch, 

Microbiol. 148,20 -24. 
Korner, H. ft Mayer, F. (1992) Arch. Microbiol. 157. 218 - 222. 
Kroneck, P. M. H., Antholine, W. E., Kastrau, D, H. W., fiuse, G.. 

Steffens, G. C. M. ft Zumft, W. G. (1990) FEBS Lett. 268. 274- 

276. 

Kroneck, P. M. H„ Antholine. W. E.. Riester, J. ft Zumft W. G. 

(1988) FEBS Lett. 242. 70-74. 
Leary, J. J., Brigati, D. J. ft Ward. D. C (1983) Proc. Natl Acad. Set. 

USA 80. 4045-4049. 
Lifson, S. ft Sander, C. (1979) Nature 282. 109- 1 1 1. 
Lindenmaier, W. (1985) in Molekular- und Zellbiologie (Blin. N., 

Trendelenburg, M. F. ft Schmidt, E. R., eds) pp. 65-85, Springer 

Veriag KG. Berlin. 
Malkin, R., ft Malmstrom, B. G. (1970) Adv. Enzymol. 33. 177-244. 
Martin, C. T., Schoies, C. P. ft Chan, S. I. (1988) J. Biol. Chem. 263. 

8420 - 8429. 



Mather, M. W„ Springer, P. ft Fee, J. A. (1991) J. Biol. Chem. 266. 
5025-5035. 

Meade, H. M., Long, S. R., Ruvtain, G. B., Brown, S. E & Ausubel, 

F. M. (1982) J. BacterioL 149. 114-122. 

Messerschmidt, A., Rossi, A., Ladenstein, R., Huber, R., Bolognesi, 
M., Gatti, G., Marchesini, A., Petruzelli, R. & Finazzi-Agro, A. 
(1989) J. MoL Biol. 206. 513-529. 

Messing, J. (1983) Methods Enzymol. 101. 20-79. 

Miyazawa, S. & Jernigan, R. L. (1985) Macromolecules 18, 534-552. 

Nar, H., Messerschmidt, A., Huber, R., van de Kamp, M. ft Canters, 

G. W. (1991) J. MoL BioL 221. 765-772. 

Palleroni, N. J., Kunisawa, R„ Contopoulou, R. ft DoudorofT, M. 

(1973) Int. J. Syst. BacterioL 23. 333-339. 
Rao, J. K. M. ft Argos, P. (1986) Biochim. Biophvs. Acta 869. 197— 

214. 

Riester, J., Zumft, W. G. & Kroneck, P. M. H. (1989) Eur. J. Biochem. 
178. 751-762. 

Rigby, P. W. J., Diekmann, M., Rhodes, C. ft Berg, P. (1977) J. MoL 

Biol. 113. 237-251 
Romermann, D., Warrelmann, J., Bender, R. A. ft Friedrich, B. (1 989) 

J. BacterioL 171. 1093-1099. 
Sambrook, J., Friisch, E. F. & Maniatis, T. (1989) Molecular cloning. 

a laboratory manual. Cold Spring Harbor Laboratory Press, Cold 

Spring Harbor, NY. 
Saraste, M., Metso. T., Nakari, T„ Jalli, T., Lauraeus, M. & van der 

Oost, J. (1991) Eur. J. Biochem. 195. 517 - 525. 
Schneider, B., Nies, A. ft Friedrich, B. (1988) Appl. Environ. 

Microbiol. 54. 3 1 73 - 3 1 76. 
Scott. R. A., Zumfu W. G., Coyle, C L. ft Dooley, D. M. (1989) 

Proc. Natl Acad. Sci. USA 86. 4082- 4086. 
Shepard, W. E. B., Anderson, B. F., Lewandoski, D. A., Norris, G. 

E. ft Baker, E. N. (1990)7. Am. Chem. Soc. 112. 7817-7819. 
SooHoo, C. K. ft Hollocher, T. C. (1991 ) /. BioL Chem. 266, 2203- 

2209. 

SooHoo, C. K., Hollocher, T. C, Kolodziej, A. F., Orme-Johnson. 

W. H. ft Bunker, G (1991) J. BioL Chem. 266. 2210-2218. 
Spiro, S. ft Guest, J. R. (1990) FEMS Microbiol. Rev. 75. 399-428. 
Steffens, G. J. ft Buse, G. (1979) Hoppe Sevier 's Z. Physiol. Chem. 

360. 613-619. v 
Tinoco, L, Borer, P. N„ Dengler, B. & Levine. M. D. (1973) Nature 

246. 40-41. 

Totten, P. A.. Lara. J. C. ft Lory- S. (1990) J. BacterioL 172. 389- 
396. 

Viebrock, A. ft Zumft, W. G. (1988) J. BacterioL 170. 4658 -4668. 
von Heijne, G. (1986) Nucleic Acids Res. 14, 4683 -4690. 
von Heijne. G. ft Abrahmsen, L. (1989) FEBS Lett. 244. 439-446. 
West, S. E. H. ft Iglewski, B. H. (1988) Nucleic Acids Res. 16. 9323- 

9335. ..,-«'; 
Williams, R. J. P. (1987) FEBS Lett. 226. 1-7. 
Wilson, M. T. ft Bickar, D. (1991) J. Bioenerg. Biotnembr. 23, 755- 

771. 

Woese. C. R. (1987) Microbiol. Rev. 51, 221 - 271 . 
Yanish-Perron. C, Vieira. J. ft Messing, J. (1985) Gene (Amst.J 33. 
103-^119. 

Zumft, W. G. (1992) in Tlie prakarvotes* 2nd edn ( Balows, A., Truper, 

H. G., Dworkin, M., Harder, W. ft Schleifer, K.H., eds) pp. 554- 
582. Springer Vlg., NY, 

Zumft. W. G. ft Kroneck. P. M. H. (1990) FEMSSymp. Ser. 56, 37- 
55. 

Zumft. W. G. ft Matsubara, T. (1982) FEBS Lett. 148, 107 - 1 12. 
Zumft. W. G., Viebrock-Sambale, A. & Braun. C. (1990) Eur. J. 
Biochem. 792.591-599. 



